We screened 63 clinical isolates of Bacteroides gingivalis from eight different laboratories for the presence of fimbriae by negative staining and by immunological methods. Techniques used were bacterial agglutination, Ouchterlony immunodiffusion and Western immunoblotting analysis using rabbit anti-fimbriae and anti-fimbrilin sera raised against fimbriae and fimbrilin (a constituent protein of B. gingivalis fimbriae) from B. gingivalis strain 381. In 49 of the 51 strains tested, fimbriae were clearly detected by negative staining, and 30 (60 %) of the fimbriate strains were positive in all three of the immunological assays. A total of 37 strains (75%) were positive by immunoblotting analysis, which was the most reliable of the serological methods used in this study. The study shows that the majority of B. gingivalis strains are fimbriate, and that these fimbriae are immunologically related to the fimbriae of B. gingivalis strain 381. Molecular heterogeneity of fimbrilin was discovered by the immunoblotting analysis, when different strains were compared. With most of the strains, including strain 381, the antifimbrilin serum reacted with a protein of apparent molecular mass 43 kDa, but with 15 strains the immuno-reactive protein had an apparent molecular mass of 46 kDa.
INTRODUCTION
Bacteroides gingivalis, a Gram-negative oral anaerobe, is a suspected periodontal pathogen (Slots & Genco, 1984) and it has been suggested that to facilitate colonization in periodontal pockets, B. gingivalis has several surface components which function as adherence factors (Holt, 1982) .
Fimbriae, which are filamentous, proteinaceous appendages, seem to be one of the specific surface components responsible for adherence in this organism (Okuda & Takazoe, 1974; Slots & Gibbons, 1978; Okuda et al., 1981) . Recently, B. gingivalis fimbriae have been purified to homogeneity from strain 38 1, and their chemical, morphological and immunological properties have been characterized (Yoshimura et al., 1984b (Yoshimura et al., , 1985 . In addition, purified fimbriae and antibodies against them have been obtained in sufficient quantities for clinical applications such as immunodiagnosis. For their successful clinical application, several other characteristics of fimbriae have to be elucidated; for example, their prevalence among B. gingivalis clinical isolates and the precise function of fimbriae as an adherence factor.
A recent morphological study (Handley & Tipler, 1986 ) and our previous report (Yoshimura et al., 1984b) have shown that B. gingivalis fimbriae are thin, curly filaments (4-5 nm in width, with a pitch of about 34 nm). The thin nature of fimbriae may explain why these structures have not been previously revealed in detail. It was also shown that B. gingivalis fimbriae were not responsible for haemagglutination (Yoshimura et al., 1984 b) and therefore screening for fimbriation by haemagglutination was not possible. We have previously shown the presence of fimbriae in B. gingivalis ATCC 33277, the type strain (Yoshimura et al., 1984b) . However, only two B. gingivalis strains (381 and ATCC 33277) and a few related Bacteroides were examined Ouchterlony immunodz#usion. The agar contained 1 % (w/v) agarose, 0.85% NaC1, 1 % (v/v) Triton X-lOO,O-l% SDS and 0.02% NaN3. The agar was boiled, cooled to 50 "C, and poured into Petri dishes. A dense bacterial cell suspension (adjusted to 10 OD600 units from more dense cell suspensions whose OD600 were determined by diluting 100-fold and by measuring OD600 values ranging from 0.1 to 0.8) was prepared for the quantitative assay as described above, mixed with SDS (lo%, w/v) to give a final concentration of 0.5% SDS, and heated at 100 "C for 5 min. The heated and denatured cell suspension, and anti-fimbrilin serum without dilution, were placed into wells (15 pl) in the agarose plates. A denatured cell suspension of B. gingivalis 381 was always run as a positive control.
SDS-PAGE and Western blotting analysis. SDS-PAGE was done in a 1.0 mm thick slab gel (12%, w/v) as described by Lugtenberg et al. (1975) . The cell lysates were heated with SDS at 100 "C for 5 min. Electrophoretic transfer of proteins in gels to nitrocellulose sheets was done with a Trans-Blot apparatus with a cooling coil as described by Towbin et al. (1979) (Western blotting). The transfer was done at 6 V cm-l overnight while being cooled with tap water. The transferred nitrocellulose sheet was treated with buffer B (20 mM-Tris/HCl, pH 7.4, with 0.5 M-NaC1) containing 1 % (w/v) bovine serum albumin (BSA) to block unoccupied protein-binding sites.
The blocked sheet was incubated with buffer B (20-30 ml) containing BSA and anti-fimbrilin serum (usually 1000-fold dilution) for 4 h or more, followed by three successive washings with buffer B containing 0.05% Tween 20.
The sheet was then incubated with buffer B containing BSA and horseradish-peroxidase-conjugated IgG fraction goat anti-rabbit IgG (F[ab'], specific, Cappel Lab 2000-fold dilution) for 4 h or more, followed by the same washings. For detection of immuno-reactive proteins, the sheet was soaked in a solution composed of 5 ml4-chloro-1-naphthol(3 mg ml-* in methanol) and 25 ml buffer B containing 15 p1 H202. The incubation was done for 15-30 min, and the reaction was stopped by washing with distilled water. All immuno-assays were done twice or more.
Electron microscopy. Cells in the late exponential phase (from a 24-48 h culture) were collected by centrifugation (2000 r.p.m. for 20 min) from a 10 ml culture, suspended in 20 mM-Tris/HCl, pH 7.4, with 0.15 M-NaCl and 10 mMMgC1, and negatively stained with 1% (w/v) phosphotungstic acid (pH 7.4). Copper grids (150 mesh) were covered with a thin film of collodion, which was then coated with carbon. The supported films were made Screening for Bacteroides gingivalis fimbriae 2715
hydrophilic by ion bombardment before use. A drop of cell suspension (0.2 OD600 units) were applied to the specimen grid, which was then rinsed with 0.1 M-NaCl several times, and the solvent was repeatedly replaced by 1 % phosphotungstic acid.
Analytical methods. The amount of protein in cell lysates and in fimbrial preparations was determined by Lowry's method, with BSA as the standard, and standard amounts of protein were run on the gels.
R E S U L T S
Morphological screening. Of 63 strains tested, 49 were clearly seen to be fimbriate by electron microscopy, and curly fimbriae similar to those on 38 1 could be seen after negative staining with phosphotungstic acid. We were unable to determine whether the remaining 14 strains had fimbriae, primarily as a result of unsatisfactory sample preparation for the electron microscope in spite of several trials. Typical whole cells of fimbriate and non-fimbriate strains are shown in Fig. 1 . Strain 14018 had many short fimbriae ( Fig. 1 a) , and D43B-4 had fewer fimbriae on the cells (Fig. 1 b) . D40C-28 was non-fimbriate ( Fig. 1 c) , and a few detached fimbriae were observed in the case of W83 (data not shown).
Bacterial agglutination with anti-jimbriae serum. The rabbit anti-serum against fimbriae from strain 38 1 clearly and strongly agglutinated cells of homologous strain 38 1, as well as those of the type strain ATCC 33277, with a comparable titre of 6400 to 12800 (Yoshimura et al., 1984b, 
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The data show positive (+) or negative (-) results for each assay. Bacterial agglutination rated from negative (-) to a + (titre of <64), 2+ (titres of 128-800) and 3+ (titres of > 1600). The presence of fimbriae under electron microscopy rated from negative (-) to positive (+, some; 2+, many). Table 1 ). Of 62 strains tested, 37 were positive. (Only the strains examined by all tests are listed in Table 1 ; 35 of these were positive in the agglutination assay.) In contrast with strains 381 and ATCC 33277 (2561, the original strain), many of the positive strains showed only low titres (less than 64). This could be due to fewer numbers of fimbriate cells in a population, less fimbriation on cell surfaces, or the presence of immunologically different fimbriae. Other methods, such as Ouchterlony immunodiffusion and Western blotting using a rabbit anti-fimbrilin serum, were applied to confirm the results of bacterial agglutination. The anti-fimbrilin serum had a different specificity from the anti-fimbriae serum which was used for the agglutination test (Yoshimura et al., 1984b (Yoshimura et al., , 1985 .
Ouchterlony immunodiusion analysis with anti-jimbrilin serum. Since the anti-fimbrilin serum was monospecific to SDS-denatured fimbrilin monomers, dense cell suspensions were heated in SDS (final concentration 0.5 %) at 100 "C. The heated cell suspensions were placed in wells on an agarose plate containing detergents to detect whether they produced a precipitation line with the original anti-fimbrilin serum and whether the line fused with the one from the cell suspension of strain 381 used as a positive control. Typical results are shown in Fig. 2 (the precipitation lines are not very sharp because of the presence of detergents). Of 62 strains tested with the positive control, 36 were positive. In some strains, the results from bacterial agglutination and Ouchterlony tests were contradictory (Table 1 ). This could be due to the anti-fimbriae and the anti-fimbrilin sera having different specificities, presumably recognizing surface epitopes on native fimbriae and more conservative, inner regions of fimbriae, respectively. Alternatively, the contradictory results may simply be due to differences in the detection limits of the assays. Since anti-fimbrilin serum was raised by injecting rabbits with purified fimbrilin taken from stained SDS-PAGE gels, it was comparatively more specific than the anti-fimbriae serum, which was prepared by injecting rabbits with the fimbrial preparation before gel electrophoresis. In fact, only a single precipitation line was ever observed in Ouchterlony immunodiffusion plates under conditions where a high cell density and the original antifimbrilin serum were used. In order to confirm that the precipitation line was really caused by fimbrilin protein, a third method was sought to detect the fimbrilin band at a corresponding migration rate by using an immunoblotting technique. Fig. 3 . Identification of fimbrilin bands by SDS-PAGE and Western blotting analysis. Fimbriae and whole cell lysate were applied to SDS-PAGE and gels were stained with Coomassie brilliant blue (lanes A, B, and C in a) or were transferred to a nitrocellulose sheet (lanes A to G in a and lanes A to H in b). The transferred sheet was immersed in BSA solution to block unoccupied protein-binding sites, and then incubated with rabbit anti-fimbrilin serum. Immuno-reactive bands were detected as described in the text. Identgcation ofjimbrilin protein by Western blotting analysis. In preliminary experiments, the anti-fimbriae and anti-fimbrilin sera were used to detect oligomeric forms of fimbriae and fimbrilin (monomers) from strain 38 1, on Western blotting nitrocellulose sheets following SDS-PAGE. The anti-fimbrilin serum, but not the anti-fimbriae serum, reacted with a protein with an apparent molecular mass of 43 kDa. The complete dissociation of fimbriae into fimbrilin monomers was necessary for detection with the anti-fimbrilin serum. This was expected from previous experiments (Yoshimura et al., 1984b (Yoshimura et al., , 1985 and was observed regardless of whether the fimbrial preparation was pure or crude. A typical result is shown in Fig. 3 . The anti-fimbrilin serum reacted with a 43 kDa protein band on the nitrocellulose sheet (Fig. 3a, lane D) when as little as 0.1 pg of purified fimbriae was used for SDS-PAGE. Whole cell lysates (20-1OOpg protein) were prepared by sonication and used for Western blotting analysis. An interesting finding was that some strains, from several laboratories, appeared to have an immuno-reactive protein with an apparent molecular mass of 46 kDa (Fig. 3b, lanes F and G) . Only the 46 kDa and the 43 kDa proteins were detected in this type of analysis, indicating that the antiserum was indeed specific to fimbrilin. The immuno-reactive 46 kDa protein could reflect the presence either of a precursor of fimbrilin or of fimbrilin with a slightly slower migration rate. Trials to isolate and to purify fimbriae from strain 14018 are now in progress to clarify this. The isolated and purified 46 kDa protein preparation which was reactive with anti-fimbrilin serum on an immunoblot was found to be filamentous by negative staining (Y. Suzuki, unpublished observation). The amino-terminal sequence (first 20 residues) of the 46 kDa protein (F. Yoshimura, unpublished data) indicates that this protein has a similar primary structure to the fimbriae from strain 38 1. The overall results showed a good correlation between Ouchterlony and immunoblotting tests, although the immunoblotting test resulted in four more positive results (Table 1) .
Y. S U Z U K I AND OTHERS
Species spec$city of B. gingivalisfimbriae. B. gingivalis fimbriae were shown to be species specific when bacterial agglutination, Ouchterlony immunodiffusion and immunoblotting analyses were done with the following related (1986) showed that, in B. gingivalis W50 grown in a chemostat under conditions of haemin excess, cells had fewer extracellular vesicles and were more commonly coccus shaped and more heavily fimbriated than cells grown without haemin. The effects of haemin on four strains (EN-7, D67D-9, W83 and JKG-10) were examined by morphological and immunological methods. The addition of haemin (0.5 yg ml-I) to the medium did not have a detectable effect on fimbriation in these strains. GAM broth, used as a basal medium, may contain some haemin since it was good for the fimbriation of strain 38 1.
DISCUSSION
Fimbriate strains were found at a high frequency in each of the groups of strains, isolated independently from different laboratories, that we studied. This suggests that in B. gingivalis strains, fimbriae are as widespread as are Escherichia coli type 1 fimbriae. The type 1 fimbriae, often referred to as common fimbriae, are found in most E. coli strains and have been estimated to be produced by 70% of wild-type strains (Duguid et al., 1979) , when determined by a Dmannose inhibitable haemagglutination assay. The prevalence of fimbriae among B. gingivalis is supported by the findings of Yoshimura et al. (1987) that sera from 66% of patients with adult periodontal diseases had specific antibodies against B. gingivalis fimbriae.
In this study, most B. gingivalis fimbriae were shown to be immunologically related to those on B. gingivalis 381, a strain used worldwide. A total of 15 strains of B. gingivalis had fimbriae with a different fimbrilin protein that migrated slowly at a position corresponding to an apparent molecular mass of 46 kDa, with immuno-reactivity similar to that of 381 fimbriae. This is the first report on the molecular heterogeneity of B. gingivalis fimbriae.
The most favourable conditions of culture for fimbrial expression in B. gingivalis have not yet been established, although a recent report found that haemin may play a key role in fimbriation (McKee et al., 1986) . The expression of E. coli type 1 fimbriae is suppressed by growth on solid media (Swaney et al., 1977) . A similar situation has been observed in several B. gingiualis strains (Y, Suzuki, unpublished results). A rich complex medium (GAM medium), probably containing a certain amount of haemin, either as broth or as semi-solid medium for culture and for short storage, respectively, has been mainly used in the present study. Under these conditions, B. gingivalis 381 has expressed many fimbriae in a stable and constant manner for at least 4 years.
Of the three immunological methods used here, immunoblotting analysis was the most reliable and sensitive, although its procedures are not the simplest. An obvious reason is that immuno-reactive bands can be compared with those of purified fimbriae with respect to the migration rate in gel electrophoresis. Traditional methods such as bacterial agglutination and Ouchterlony immunodiffusion are convenient and simpler. However, the two methods tend to give false negative results for B. gingivalis fimbriae, probably due to the presence of only small numbers of fimbriae.
Strains W50 and W83, on which we could not detect fimbriae by immunological methods, have been found by McKee et al. (1 986) and Handley & Tipler (1 986), to indeed be fimbriate, by negative staining. This indicates that electron microscopic studies are more sensitive in detecting surface structures, such as fimbriae, than the immunological methods applied here. Since detection is highly dependent upon technique, particularly for thin fimbriae such as those of B. gingiualis, some fimbriate strains, in which the proportion of fimbriate cells is very small, could mistakenly be considered to be non-fimbriate. In fact strains W50 and W83 seem to have a very few fimbriate cells (personal communication from Dr P. S. Handley) . A very few detached Y . SUZUKl A N D OTHERS fimbriae from a cell suspension of strain W83 were also observed in this study. This was supported by genetic studies indicating that W83 has a fimbrilin gene on its chromosome, although restriction fragment length polymorphism of DNA was revealed (F. Yoshimura, unpublished results and a personal communication from Dr D. P. Dickinson).
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